Biochar prepared from waste biomass was evaluated as a soil amendment to immobilize metals in two contaminated soils. A 60-day incubation experiment was set up on a French technosol which was heavily contaminated with Pb due to former mining activities. Grass biochar, cow manure biochar (CMB) and two lightwood biochars differing in particle size distribution (LWB1 and LWB2) were amended to the soil at a rate of 2% (by mass). Rhizon soil moisture samplers were employed to assess the Pb concentrations in the soil solution at regular times. After 30 days of incubation, soil solution concentrations in the CMB-amended soil decreased by more than 99% compared to the control. CMB was also applied to a moderately contaminated Flemish soil and resulted in lowered soil solution Cd and Zn concentrations. While the application of 4% CMB resulted in 90% and 80% reductions in soil solution concentrations of Cd and Zn, respectively, the solid fraction of digestate (as a reference) reduced the soil pore water concentrations by only 63% for Cd and 73% for Zn, compared to the concentrations in the control. These results emphasize the potential of biochar to immobilize metals in soil and water systems, thus reducing their phytotoxicity.
Introduction
Human activities can cause severe metal contamination in soils, which can become a significant hazard to environmental and public health. Many recent studies propose in situ stabilization using organic sorbents to provide a long-term remediation solution by reducing the mobility and availability of potential toxic elements, by precipitation, increased sorption or surface complexation (Qian et al. 2016; Egene et al. 2018; Lebrun et al. 2017) , simultaneously reducing waste streams that otherwise would end up in an incinerator or a landfill. Numerous organic amendments have been proposed and tested based on their metal immobilization capacity in soils including compost (Venegas et al. 2016) , peat (Gupta et al. 2009; Lee et al. 2013 ) and biochar (Zhang et al. 2013; Ahmad et al. 2014; Egene et al. 2018) .
Biochar continues to gain attention for its important potential roles in sustainable soil management, including its soil conditioning properties (Laird et al. 2010) , carbon sequestration potential and its ability to decrease the solubility and bioavailability of metals in contaminated soils (Ahmad et al. 2014 ). Furthermore, with an estimated half-life of several hundred years in soils (Sohi et al. 2010) , biochar can provide a stable long-term effect, unless many other soil amendments (Ahmad et al. 2014 ). However, properties of biochar, and thus its effect on soil, are variable as they depend on the feedstock used, pyrolysis conditions, particle size, but also on the properties of the soil and the biochar application rate (Lebrun et al. 2018b; Ahmad et al. 2014; Lehmann and Joseph 2010) . For instance, Novak et al. (2009) showed that biochar pH and surface area increased with increasing charring temperature while Singh et al. (2010) observed that eleven biochars produced from five feedstocks differed on pH depending on the feedstock and the pyrolysis temperature. Biocharinduced soil improvement tends to increase with increasing application rate (Egene et al. 2018) , and the intensity of effects also depends on the soil. Lebrun et al. (2017 Lebrun et al. ( , 2018b applied pinewood biochar to an acidic and an alkaline soil and only observed marked improvement of soil fertility in the acidic soil.
Solid fraction of digestate (SFD) is an emerging semi-stabilized material rich in organic carbon and minerals. It is obtained after the solid-liquid separation of digestate, a product of anaerobic digestion of biomass. Due to its high organic matter, cation exchange capacity and nutrient contents, it is commonly considered for application as a biofertilizer (Makádi et al. 2012) . It has properties that favour its potential use as an organic amendment for stabilizing metals in contaminated soils. The pH is typically alkaline, with reported pH values ranging from 7.8 to 8.3 (Pognani et al. 2009; Gomez et al. 2007 ). The organic matter content of digestate is high. Tambone et al. (2015) reported total organic carbon contents in SFD from 5 digesters in Italy between 315 and 503 g/ kg DM. While a big part of the organic matter in the digestate is converted into biogas during anaerobic digestion, the biological stability of the remaining organic matter increases because more recalcitrant molecules like lignin, cutin, humic acids, steroids and complex proteins are concentrated (Makádi et al. 2012) .
Metal availability is significantly influenced by properties of the soil, most notably pH, clay contents and soil organic matter. The solubility of most cationic trace metals decreases with an increase in soil pH, with a minimal solubility at a neutral to slightly alkaline pH. The cation exchange capacity (CEC) of a soil reflects the quantity of surface sites that can retain positively charged ions (cations) by electrostatic forces (Tack 2010) . The exchangeable sites within soils are predominantly found on negatively charged organic matter and clay-sized particles. Soil organic matter, one of the components contributing CEC to the soil, has major influences on soil properties. It plays an important role in the fate of trace elements in soils by adsorption and complexation reactions (Branzini and Zubillaga 2012) . Zinc can form complexes with organic ligands, which have been shown as a principal factor controlling Zn mobility in acidic soils (Kumpiene et al. 2008) . CEC tends to increase with pH because of the creation of additional negative charges on the soil colloids . Moreover, an increase in soil pH decreases the positive charges of Fe, Al and Mn oxides or organic matter and increases metal binding in increasingly more negatively charged surfaces or their precipitation as metal hydroxides, e.g. Pb(OH) 3 . Biochar or solid fraction of digestate when added to the soil tends to change these soil factors favourably for decreasing trace element solubility and hence bioavailability and toxicity to plants.
This study aims to assess the effects of biochar or solid fraction of digestate on the availability of Cd, Zn and Pb in two acidic acidic metal-contaminated sites. The first selected site is an historic silver-lead mine site where surroundings were heavily contaminated with Pb. Secondly, in the Campine region, a crossborder area in the north-eastern part of Belgium and the south-eastern part of the Netherlands, decades of Zn and Pb refining units have led to atmospheric deposition of volatile metals from the pyro-metallurgical processes (Hogervorst et al. 2007 ). Consequently, high to moderate levels of Cd and Zn are present in this soil. These polluted areas may pose serious risks to ecological and human health because of elevated metal concentrations in the pore water and need interventions to eliminate the hazards. Rhizon extractions were used to assess the extent by which the amendments result to decreased metal concentrations in the soil pore water of these contaminated soils.
Materials and methods

Soil collection
Two metal-contaminated soils, one from France and one from Flanders (Belgium), were used in this study. The French soil was taken from a former silver-lead mine extraction site located in Pontgibaud, Puy-de-Dôme (45°47 0 27 00 N and 2°49 0 38 00 E) (Lebrun et al. 2017 (Lebrun et al. , 2018a Lomaglio et al. 2018) . That was one of the largest mining and metallurgical districts in Europe during the nineteenth century. Although mining activities on this site discontinued in 1897 (Lebrun et al. 2017) , the soil continues to be affected by extremely high Pb concentrations, mainly found in the forms of anglesite (PbSO 4 ), beudantite (PbFe 3 (-AsO 4 )(SO 4 )(OH) 6 ) and Pb oxides (Nandillon et al. 2019 ). The Flemish soil was obtained from an experimental site in the vicinity of a former smelting factory (51°12 0 41 0 ' N; 5°14 0 32 0 ' E) located in the Campine region, at the cross-border area in the northeastern part of Belgium and the south-eastern part of the Netherlands . Up until 1974, decades of airborne emissions from metal smelting factories have led to atmospheric deposition of volatile metals (Pb, Cd, Zn, As) (Meers et al. 2010; Hogervorst et al. 2007; Vangronsveld et al. 1995) . This resulted in the contamination of an estimated 700 km 2 area that consists of parts of the municipalities Balen, Lommel, and Overpelt.
Amendment production
Three biochars were prepared from grass (code: GB), cow manure (code: CMB) and lightwood (code: LWB) biomass via slow pyrolysis. The roadside verges were pyrolysed at 350°C for 60 min, while the cow manure-derived biochar was pyrolysed at 550°C for 10 min (Van Poucke et al. 2016 . The lightwood was pyrolysed at 500°C and then passed through different sieves to separate them in two categories of particle size: \ 0.1 mm to 0.2 mm (LWB1) and 0.2 mm to 0.4 mm (LWB2) (Lebrun et al. 2018b ).
The lightwood biochars were produced at La Carbonerie, Crissey, France. LWB1 has a higher surface area (265 m 2 g -1 ) than LWB2 (251 m 2 g -1 ) (Lebrun et al. 2018b) .
The solid fraction of digestate (SFD) was obtained from an anaerobic co-digestion plant in Deinze, Belgium. The feed of the installation consisted of agricultural waste (20% animal manure and 30% other agricultural residues) and waste from the food industry (50%).
Soil and amendment characterizations
The two soils and the five amendments were analysed for pH-H 2 O, CEC and trace element total concentrations. The pH was measured with a pH electrode (Model 520, Orion, Boston, MA, USA) in a 1:10 amendment/de-ionized water suspension (Beesley and Marmiroli 2011) and a 1:5 soil/de-ionized water suspension (Van Ranst et al. 1999) , after shaking overnight to reach an equilibrium. Cation exchange capacity (CEC) was determined by the ammonium acetate method at pH 7 (Van Ranst et al. 1999 ). Pseudo-total metal concentrations (Cd, Zn, Pb, Cu, Al, Fe, Ni, Mn, Cr) were determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Varian Vista MPX, Varian Palo Alto, California, USA), after performing an aqua regia digestion (Van Ranst et al. 1999 ) and using standards and a quality control realized with analytical-grade quality element solutions. In addition, soil was analysed for OM content using the loss-on-ignition method at 550°C, while texture (percentage of clay, sand and silt) was determined using the Bouyoucos hydrometer method (Gee and Bauder 1987) . Finally, on the amendments, elemental composition was determined by an elemental analyser (Thermo Fisher Scientific, Waltham, USA) using a CHNS configuration and equipped with a thermal conductivity detector (TCD), whereas orthophosphates were determined by the colorimetric Scheel method (Sigurnjak et al. 2017; Van Ranst et al. 1999) .
Incubation experiments
French soil
Incubation studies were prepared with 100 g of soil in 100-mL glass beakers. The soil was amended with 2 g (2% w/w) of CMB and LWB1 and LWB2 and mixed thoroughly at the first day. No further mixing was performed. During the entire experiment, which lasted for 60 days, the soil samples were watered to 80% of their field capacity with de-ionized water twice a week. Field capacity, or water holding capacity, was defined by Veihmeyer and Hendrickson (1949) as the water quantity a soil can hold against gravity. It was determined based on the protocol described in Priha and Smolander (1999) , which involves soaking the soil in water for 2 h and then draining for 2 h.
Flemish soil
The CMB and SFD were mixed independently with the soil at rates of 2% and 4% (w/w) to have a total mass of 220 g. During the period of this study, the samples were mixed two times per week, and demineralized water was added to maintain the water content of the treatments at 80% of their field capacity.
For both soils, no experiments were carried out in the first 4 weeks so that an equilibrium state could be achieved in all treatments groups. All tests were performed in triplicate and included a control (i.e. soil without any biochar added).
Rhizon sampling and analysis
Rhizon soil moisture samplers (Rhizosphere Research Products, The Netherlands, Wageningen), attached to a syringe, were inserted diagonally from the topsoil into each treatment pot and left overnight to extract soil pore water. The Rhizon experiments were executed after 30 and 60 days of incubation. The pH of the Rhizon extracts was measured using a pH electrode (Model 520, Orion, Boston, MA, USA) after which a drop of HNO 3 was added to preserve the sample for analysis. The metal concentration in the extracts was measured with ICP-OES (Varian Vista MPX, Varian Palo Alto, California, USA) and inductively coupled plasma-mass spectrometry (ICP-MS) (Perkin Elmer Series 200 HPLC, California, USA).
DOC measurement
Dissolved organic carbon (DOC) in the pore water was measured only in the Belgian soil treatments. From each treatment (collected after 30 days of incubation), 1 mL fresh Rhizon extract was diluted with milli-Q water to obtain a volume of 20 mL. DOC concentrations were measured with a TOC analyser (TOC-5000, Shimadzu, Tokyo Japan). Volumes of approximately 10 mL of each extract were injected in the high temperature catalytic (HTC) analyser for the analysis of total C. Three injections of the same volume were analysed for each sample.
Statistical analysis
The IBM SPSS software package (version 22 for Windows, IBM Corp. 2013) was used for all statistical analyses. One-way ANOVA was performed on means of three replicates. Differences in Cd, Zn and Pb concentrations among treatment were assessed by a post hoc least significant difference test at a significance level of 0.05. Prior to the ANOVA, the normality of data and equality of variances were checked using the Shapiro-Wilk's and Levene's tests, respectively.
Results
Soils
The French soil, classified as ''Sand'' according to the USDA triangle, was acidic (pH 4.99) and contained an excessive Pb content of 17,704 mg/kg (Table 1) . The concentration in the studied sample is significantly higher than the average total Pb concentration for this site, i.e. 11,450 ± 0.2 mg/kg (Lebrun et al. 2017) . With the exception of Pb, none of the measured metals, i.e. Cd, Cr, Cu, Fe, Mn, Ni and Zn, exceeded the maximum permissible limits given in the European Union (Ashraf et al. 2019 ). Nandillon et al. (2019) performed mineralogical analyses and found that the soil was composed mainly of quartz (SiO 2 ) and phyllosilicates. There were multiple carrier phases for the metals, such as oxides, sulphur, sulphates.
The soil texture of the Flemish soil, based on the USDA classification, was ''sand''. The pH of the Flemish soil was around neutral (pH 6.3). The land had been left fallow for several years. The high organic matter content (4.20%) (Jones et al. 200) relates to the higher CEC compared to the French soil. The contents of Zn, Cd and Pb did not exceed the Flemish soil remediation limits (VLAREBO 2008) but were considerably higher than typical Flanders 90% percentile levels for baseline concentrations for soils with comparable contents of clay and organic carbon (70, 1 and 51 for Zn, Cd and Pb, respectively) (Tack et al. 1997 ). The Cu content was slightly above this reference level (21 mg/kg). Ni and Cr concentrations were below median concentrations of 3.5 mg/kg and 24.6 mg/kg, respectively (Tack et al. 1997) . Only Cd and Zn exceeded the European maximum permissible limits (Ashraf et al. 2019 ).
Amendments characteristics
The pH of the five amendments used in the study were in the alkaline range with SFD having the lowest (7.13) and CBM the highest (10.76) ( Table 2 ). The CEC of SFD was notably high (22 cmol(?)/kg), and this may play an important role for metal immobilization (Du Laing et al. 2007 ). GB and CMB had higher CEC values than that of the Flemish soil. The metal concentrations of the amendments were generally low except for CMB which showed a high Zn concentration (552 ± 22 mg/kg). European threshold values for sewage sludge application (Directive 1986 ) are 40 mg/kg for Cd, 1200 mg/kg for Pb, 400 mg/kg for Ni, 1750 mg/kg for Cu and 1500 mg/kg for Cr, whereas the IBI sets the concentration limits for biochar to 1.4-39 mg/kg Cd, 93-1200 mg/kg Cr, 143-6000 mg/kg Cu, 121-300 mg/kg Pb, 47-420 mg/kg Ni and 418-7400 mg/kg (Askeland et al. 2019) . The rather high Zn concentrations observed in CMB are due to the generally high Cu and Zn concentrations found in cow manure (Brugger and Windisch 2015) . Cu and Zn are added to cattle feed to enhance growth because they are essential elements and possess antimicrobial properties (Leclerc and Laurent 2017; Xiong et al. 2018 ). Finally, among GB, CMB and SFD amendments, the biochar made from cow manure (CMB) contained the highest amount of orthophosphates, almost 13 times higher than the grass-based biochar and 108 times higher than SFD.
Rhizon extractions: French soil
The Pb concentration in the soil pore water was very markedly decreased after any biochar addition (p \ 0.05) compared to the control (Fig. 1) . After 60 days of incubation, the CMB treatment revealed the highest reduction in soil pore water Pb concentration, from 99 to 1.15 mg/L. This accounts for a 98.8% decrease. At both sampling times, Pb reduction was the highest with CMB and the lowest with LWB2. All amendment additions tended to cause an increase in pore water pH compared to the control (i.e. a soil sample without any biochar addition) (Table 3) , although the increase was not always significant. At 30 days, the pH increase induced by lightwood biochars (LWB1 and LWB2) was not significant whereas both GB and CM biochars significantly increased pore water pH by one unit or more. After 60 days, only for GB a significant increase by almost one unit persisted. Moreover, the pH values after 60 days seemed to be lower in comparison with the 30-day incubation values. The detection limits of N, Cd and Pb are 0.5%, 0.625 mg/kg and 12.5 mg/kg, respectively Fig. 1 Pore water concentration of Pb in the French soil treated with grass biochar (GB), cow manure biochar (CMB) and two granulometries of lightwood biochar (LWB1 and LWB2) at 2% application rate, after 30 and 60 days of incubation (n = 3; error bars represent standard deviation). Different letters indicate significant differences in concentration between treatments within each sampling period (p \ 0.05)
Rhizon extractions: Flemish soil
After 30 days of incubation, significantly lower concentrations of Cd and Zn were measured in all the amended treatments (Fig. 2) . The CMB treatments resulted in the lowest pore water metal concentrations compared to the SFD treatments, even though the total content of these metals in CMB was higher than in SFD. The same trend was observed after 60 days of incubation. No significant differences were found between the different application rates of 2 and 4%. After 30 days of incubation, a significant increase in pH was observed in all the amended treatments, with CMB (4%) showing the highest increase (Table 4 ). However, the pH increases after 60 days of incubation were not significant (p \ 0.05).
Dissolved organic carbon in the Rhizon extracts
Compared to the control, addition of CMB and SFD significantly increased the DOC concentrations in the soil solution (Fig. 3) . This increase may be attributed to the decomposition of organic compounds (Gusiatin and Kulikowska 2016) . Fig. 3 Comparison of dissolved organic carbon in the pore water of the Flemish soil treated with cow manure biochar (CMB) and solid fraction of digestate (SFD) at 2% and 4% application rates after 30 days of incubation (n = 3; error bars represent standard deviation). Different letters indicate significant differences in concentration between treatments (p \ 0.05)
Discussion
Soil and amendment characteristics
The pH of CMB was at least one unit higher than that of the other biochars, SFD, the Flemish soil and the French soil (Table 2) . This provided early indication that the liming potential of this biochar was likely to be of significant influence in reducing the available metal concentrations in the contaminated soils. This agrees with previous research that demonstrated the pH effect in reducing metal mobility in soil solution: Cationic metal mobility tends to decrease with increasing pH, whereas the reverse is observed for anionic elements (Noll 2003; Zhang et al. 2010) . During the pyrolysis process of biomass, a higher temperature and longer residence time result in a higher ash content and thus an increased content of metal oxides and hydroxides, favouring a higher pH of the resulting biochars. Also a more extensive loss of acidic functional groups (i.e. carboxylic, lactone, phenol and carbonyl) contributes to the higher pH. This explains why CMB and LWB1 and LWB2, both pyrolysed at temperatures C 500°C, showed higher pH values than GB which was produced at 350°C, and agrees with observations in other studies (Hass et al. 2012 ). The CEC (22 cmol(?)/kg) of SFD is in the range of values reported by Teglia et al. (2011) for six digestates (20 and 53 cmol(?)/kg). The high CEC value may be explained by the high organic matter content of the SFD. The CEC of CMB is similar to the grass-based biochar but is considerably higher than the CEC of coarser lightwood-based biochar (LWB2). In their review, Yang et al. (2017) showed that CEC values of biochar could range from 2.36 cmol/kg for sewage sludge-based biochar to 562 cmol/kg for biochar made from algae.
Effect of the biochars and solid fraction digestate on soil pore water metal concentration
The pore water Pb concentrations in the French soil decreased significantly (p \ 0.05) after biochar application ( Fig. 1) . Pontgibaud soil was shown to present oxides as mineral carrier phases for metals (Nandillon et al. 2019) . Oxides are usually negatively charged at high pH and positively charged at lower pH. The pH increase caused by the biochar therefore may have led to an increase in negatively charged groups on the oxides surfaces, which favoured Pb sorption (Nandillon et al. 2019) . GB(2%) and CMB(2%) decreased soil solution Pb concentrations by 98.5% and 99.8%, respectively, compared to a control with no biochar amendment (Fig. 2) . These reductions are remarkably high and promising, especially when compared to previous studies on Pb retention. Lomaglio et al. (2017) used pinewood biochar to study the Pb retention effect on a contaminated technosol. Even though their soil contained about eight times less Pb compared to the technosol in this study, the addition of 2% biochar led to only a 33% decrease in Pb concentration in the pore water. The differences in the types and properties of biochar used in the two studies may explain the observations. For example, the cow manure biochar used in our study contained 22,400 mg/kg of orthophosphate while the pinewood biochar from Lomaglio et al. (2017) contained less than 700 mg/kg. This suggests that surface precipitation with phosphates was likely an important mechanism that contributed to Pb retention by the cow manure biochar. For instance, Cao et al. (2009) showed that dairy manure biochar was able to sorb Pb due to its high phosphate content and that the main mechanism was the precipitation of Pb as Pb phosphate. Moreover, Al-Wabel et al. (2017) observed that only at a very high application rate of 30% date palm biochar a decrease in available Pb of 66% was achieved. However, in their study, biochar did not increase but rather decreased soil pH, compared to the increase observed in the French soil. There could be another mechanism responsible for the efficient decrease of SPW Pb concentrations, as an elevated pH induces metal precipitation as oxides, carbonates and phosphates (Lu et al. 2017) . Therefore, both an elevated pH and orthophosphate contents of the GB and CMB biochars may have contributed to the important retention of Pb. Even though several articles indicate that there is a link between phosphates and metal immobilization, future research is required to reveal which specific reactions occur during this experiment or which complexes are formed. Mineralogical analysis can provide further insight into the interpretation of these results.
The groundwater remediation threshold in Flanders (Belgium) for Pb is 20 lg/L (VLAREBO 2008). Initially, this concentration was exceeded six thousand times. Although the addition of 2% cow manure biochar strongly reduced the Pb concentration, it still exceeded the legislative limit by a factor 15. Biochar thus is very effective in reducing metal availability and potential leaching. Future research should focus on further reducing the Pb concentration by increasing the concentration of the amendment or improving the properties.
For the French soil, two lightwood-derived chars (LWB1 and LWB2) were included in the incubation experiments to investigate the effect of granulometry on the metal retention capacity. A slightly higher retention is noticed for the smallest fraction (LWB1), which can be attributed to the larger surface area of finer material (Demirbas et al. 2006) . Crushing and sieving the biochar prior to application can enhance the resulting adsorption capacity.
In the Flemish soil, CMB was markedly more effective than SFD in immobilizing Cd and Zn. After 60 days of incubation, CMB (4%) resulted in the lowest metal concentrations among the different treatments (16 lg/L for Cd and 0.60 mg/L for Zn). These represent 90% and 80% reductions in soil pore water Cd and Zn concentrations, respectively, compared to the initial concentration in the control. Meanwhile, SFD (4%) achieved a reduction of 63% and 73% in soil solution Cd and Zn, respectively. The higher pH of the CMB thus appeared to be a more preponderant factor in controlling Cd and Zn mobility than the higher CEC and organic matter content of the SFD. This is consistent with several research reports that show that the immobilization of Cd and Zn after biochar application to contaminated soil can be predominantly attributed to biochar-induced increases in soil pH (Beesley et al. 2010; Kim et al. 2010; Kumpiene et al. 2008; Walker et al. 2004) . In general, the pH of the pore water in the amended soils was higher than that of the unamended soil. This increase in pH is consistent with previous studies (Zhang et al. 2010; Noll 2003; Park et al. 2011; Egene et al. 2018) and is caused by the alkaline character of the used biochars. The pH increase causes lower metal availability because there is less competition with protons for the metal ions for sorption sites and a higher adsorption capacity can be expected (Gomez-Eyles et al. 2013) . Another positive outcome of an increased soil pH is the enhanced precipitation of metals as insoluble mineral species such as hydroxides, phosphates and carbonates (Lindsay 1979) . The soil pH of SFD and CMB treatments at 4% was similar. Hence, additional factors caused a better efficacy of CMB to reduce soil pore water Cd and Zn concentrations. For example, CMB contained higher Al and Fe concentrations than SFD and Al and Fe oxides are known to have a high affinity for metals (Argyraki et al. 2017) .
According to the Flemish soil remediation legislation, the threshold concentrations for groundwater are 5 lg/L for Cd and 0.50 mg/L for Zn (VLAREBO 2008) . In this study, CMB (4%) reduced the soil pore water concentrations to 16.5 lg/L and 0.6 mg/L for Cd and Zn, respectively. Thus, although the reductions were significant, the values were not low enough to meet the legislative standard. It is, therefore, recommended to allow longer incubation times and/or higher application rates in future studies.
The significantly higher concentration of DOC in the pore water of the amended Flemish soil (Fig. 3) suggests that the organic ligands present in the amendments may have led to the formation of organo-metallic complexes. Previous studies have shown that such an increase in DOC may lead to increased metal solubility and mobility (Impellitteri et al. 2002; Egene et al. 2018) . It is, therefore, reasonable to hypothesize that the pH-induced metal immobilization in the amended Flemish soil had a greater effect than the DOC-induced mobilization effect (Gusiatin and Kulikowska 2016) . Furthermore, Houben et al. (2012) showed that DOC has a stronger affinity for Pb than with other metals such as Cd and Zn.
Conclusions
All biochars investigated in our study caused significant decreases in the pore water concentrations of Pb, Cd and Zn in historically contaminated soils, although to different levels depending on the soil and element considered. A stronger decrease in soil solution concentrations was observed in the case of Pb compared to Cd and Zn. A pH-induced immobilization and precipitation of metals with phosphates were identified as possible mechanisms for reducing available metal concentrations in the treatments. After 60 days of incubation, the cow manure biochar (CMB) was the most efficient in reducing the soil solution concentrations of Cd and Zn, although resulting concentrations still exceeded the Flemish legislation threshold for remediated soils. For Pb, the concentration in the soil pore water was 99% lower using CMB.
Solid fraction of digestate (SFD) also caused a reduction in soil solution Cd and Zn concentrations, but to a lower extent than CMB. In both French and Flemish soils, CMB caused an increase in soil pore water pH and significant reductions in Pb, Cd and Zn pore water concentrations. CMB was most effective in reducing Pb soil solution concentrations, compared to Cd and Zn.
